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Abstract

Gene loss is an important process in genome evolution, though its power is often underestimated. If a gene is present at the root
of a phylogenetic tree and can be lost in one lineage across the tree, it can potentially be lost in all, leading to gene extinction. Just
before gene extinction, there will be one lineage that still retains the gene, generating a “last-one-out” distribution. Such an isolated
gene presence will emulate the result of recent lateral gene acquisition, even though its distribution was generated by loss. How
probable is it to observe “last-one-out” distributions in real data? Here, we mathematically derive this probability and find that it is
surprisingly high, depending upon the tree and the gene loss rate. Examples from real data show that loss can readily account for
observed frequencies of last-one-out gene distributions that might otherwise be attributed to lateral gene transfer.
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Introduction

Gene loss is an important and ubiquitous mechanism of genome
evolution. In prokaryotes, gene loss acting on the whole genome
is traditionally called reductive evolution (Andersson and Kur-
land 1998, van Ham et al. 2003, Oshima et al. 2004, Hosokawa et
al. 2006) and can result in miniscule genome sizes in parasites
and endosymbiotic bacteria, the current record being Macroste-
les quadrilineatus (Moran and Bennett 2014) an endosymbiotic
bacterium of leafhoppers that harbors only 137 protein-coding
genes. Reductive evolution is also observed in symbiotic archaea
(Waters et al. 2003) and in eukaryotes, especially among intracel-
lular parasites (Tovar et al. 2003, Nicholson et al. 2022). Genome
reduction through gene loss is also the central underlying theme
of genome evolution in mitochondria and plastids, the endosym-
biotic organelles of eukaryotic cells (Moore and Archibald 2009),
which can sometimes lose their genomes altogether (Mtller et
al. 2012), because many genes lost from organelle genomes have
been transferred to the nucleus (Martin et al. 1998, Timmis et al.
2004). In eukaryotes, gene loss is also very common and partic-
ularly well studied following whole-genome duplications (Blanc
and Wolfe 2004, Kellis et al. 2004, Brunet et al. 2006, Scannel et al.
2006), where duplicate gene copies are rapidly lost by mutation,
restoring diploid genetics in chromosome polyploids (Blanc and
Wolfe 2004). Additionally, gene loss is often seen as a driving fac-
tor in genome evolution (Olson 1999, Albalat and Canestro 2016,
Guijarro-Clarke et al. 2020). In general, if a gene belonging to a
clade can be lost once in one lineage during evolution, it can be
lost again in other lineages as well.

In comparative genome studies, gene loss is easy to detect if
losses are rare, as shown in Fig. 1. If most genomes in a sample

contain a given gene of interest, but one or a few do not, there
can be little doubt that gene loss has occurred in the genomes
lacking the gene. But the more common loss is, the more diffi-
cult it becomes to distinguish from lateral gene transfer (LGT). If
a given gene is present in about half of the genomes in a sample,
the decision between loss and LGT becomes a matter of weighing
the relative probabilities of LGT and gene loss, entailing an a priori
assumption that LGT is roughly as common as loss. In eukary-
otes, gene loss is much more common than LGT from prokary-
otes (Ku et al. 2015, Ku and Martin 2016). But there have been
a number of highly publicized claims for widespread LGT to eu-
karyotes, though, for example “hundreds” of LGTs in the human
genome (Consortium 2001) or fully “17%” of the tardigrade (a prim-
itive animal) genome being the result of recent LGTs (Boothby et
al. 2015). Both the human genome LGT claims and the tardigrade
LGT claims were reinspected and turned out to be data contam-
inations and data interpretation problems, not LGT (Salzberg et
al. 2001, Stanhope et al. 2001, Koutsovoulos et al. 2016, Salzberg
2017). Most reports of LGT in eukaryotes are not critically rein-
spected, but they are highly cited (Martin 2017, Keeling 2024).
Nonetheless, there are cases where contaminations can effec-
tively be ruled out—for example when a gene in question is ob-
served in the genome sequence of several individuals from a given
species (Koutsovoulos et al. 2016). Distributions of the type seen in
Fig. 1(c) are observed in real data for eukaryote genomes, where
LGT might appear to be the most likely cause, because the pos-
sibility of many independent losses as the cause of the pattern
would seem, at face value, extremely unlikely.

But is gene loss leading to last-one-out topologies really un-
likely? Or do we just assume it is unlikely, thereby opting to sug-
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Figure 1. Hypothetical phylogenetic species trees showing the presence and absence of genes across all species in the trees. A circle with a cross
indicates that the gene is present in this species, an empty circle indicates that a gene is absent. (a) A distribution where gene loss most likely
appeared on the branches to two species. (b) A case where the distribution of the genes that are present and absent is almost equal across the species

tree. The decision between LGT and gene loss is highly dependent on the weighing of their relative probabilities. (c) [llustrates a case where the gene is

only present in one species. An easy (but not necessarily true) explanation for this would be LGT. This gene distribution across the tree can also be the
result of a minimum of four gene losses if the gene was already present at the root node.

gest that LGT was at work without even testing the possibility that
the distribution is actually the result of many independent losses.
Are there even tools available to test such a case? This answer,
until now, has been no. Many analytical tools to study prokary-
otic genomes are currently in use that employ different and usu-
ally predetermined gain/loss ratios that are designed to differ-
entiate between loss and LGT (Goodman et al. 1979, Page 1994,
Bansal et al. 2012, Szo6llési et al. 2013). In many cases, the over-
all average ratio of gene loss to LGT ends up being close to 1 in
such applications, for obvious reasons. If loss predominates, then
genomes steadily decrease in size across the reference tree (that
is, ancestral genomes inflate), and if LGT predominates, genomes
steadily increase in size across the reference tree (that is, ances-
tral genomes become too small) (Dagan and Martin 2007). Some
tools for estimating loss versus LGT in current use can entail dif-
ferences in loss versus transfer probabilities for individual genes
that differ by 20 orders of magnitude (Bremer et al. 2022).

If gene loss is the predominant mode of genome evolution for a
given gene in a given group, it will become lost in many lineages,
ultimately in all. Just before the gene goes extinct in the group,
however, there will exist a state in which the gene is present in
only a few genomes, and finally, over time, only in one genome
of the group. If this gene is in a eukaryote, but has homologs in
prokaryotes, gene loss in eukaryotes will produce a pattern that
looks exactly like LGT: The gene is present in prokaryotes and
one (or a few) eukaryotes. Under a loss-only mode of evolution,
the last-one-out looks like an LGT, but the pattern was generated
solely through gene loss. Here, we address the question of how
likely it is to observe a last-one-out gene distribution under loss-
only models.

Results

Mathematical modeling and algorithms

We now describe mathematical and computational methods to
investigate the probability of last-one-out scenarios in both syn-
thetic and real trees. We assume that each gene in a phylogeny

Figure 2. Hypothetical phylogenetic tree T with the subtrees Ty, T;...Ty
and branch length ¢.

can be lost along each lineage of a tree according to a continuous-
time Markov process with loss rate 1, and which operates inde-
pendently across genes and lineages.

Recursion for a given tree
Let Tbe a rooted tree with a stem edge of length ¢,and let T1, T5... Ty
denote the subtrees of T incident with this stem edge, as shown in
Fig. 2. Although the lengths of edges may correspond to time, and
so be ultrametric, the algorithm described in this first section does
not assume that edge lengths are ultrametric. Let 7 denote the
probability that a gene g that is present at start of the stem edge
of T is present in exactly one leaf of T, and let ;" denote = (the
corresponding probabilities for the subtrees T ..., Ty). To calculate
ni recursively, we also need to calculate the probability =1 that g
is not present at any of the leaves of T, and we let r; denote .
Note that if T consists of just a single stem edge of length ¢ (the
base case in the recursion), then 7r = 1 — e7*¢ and = = e7#*. Thus
we may suppose that k > 2. The following result (proved in the Ap-
pendix) provides a polynomial-time way to compute these quan-
tities recursively via dynamic programming (progressing from the
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leaves to the root). Note that both Parts (i) and (ii) are required for
computing 77 .

Proposition 1. For the tree shown in Fig. 2, the following recur-
sions hold:

T = (1 - 67“[) + 67“[711712‘..7112, (1)
+ + xt

i = e M. (T[1 + o + ..+ k) . 2)
bi20 9 T,

For binary trees, Equation (2) simplifies to:
nf = e (mn + i), (3)

If there are G > 1 genes present at the top of the stem edge of T,
and losses occur independently among the genes (each with rate
1), then the number of genes that appear in just one leaf of T has
a binomial distribution with parameters (G, =;).

To illustrate Proposition 1 with a simple example, consider the
tree in Fig. 2, where each of the subtrees T;..., Ty is a single leaf
at the same distance from the root, and ¢ = 0 (the “star tree”).
Under the gene-loss model, a gene that is present at the root of
the tree will be present at exactly one leaf of this tree precisely
if there are exactly k — 1 loss events. This might seem very un-
likely for large values of k. However, the probability of this event
can be as large as e”! = 0.367 even as k becomes large, provided
that p is chosen appropriately (and dependent on k); details are
provided in the “Analysis of the star tree” section of the Appendix.
Nevertheless, if we consider the posterior value of this probability
by taking a uniform prior on 1 — e * (setting the height of the
tree to 1), then this posterior probability tends to 0 as the number
of leaves of the tree (k) grows. The proof of these claims and the
analysis of this star tree when we allow ¢ > 0 are provided in the
Appendix. Of course, the star tree is a highly nonbinary tree, which
raises the question of whether n; can be close to e~! when T is bi-
nary and the number of leaves is large. This is indeed possible: we
can simply resolve the polytomy at the root by using very short
interior edges to obtain a binary tree for which =7 will be close to
the corresponding value for a star tree and hence can be close to
e~! for a suitably chosen value of u. However, for trees generated
by simple phylodynamic models, this is no longer the case, as we
demonstrate in the next section. The analyses in this manuscript
mainly focus on binary trees.

Random trees

Suppose now that T is generated by a standard birth-death model
(Kendall 1948, Lambert and Stadler 2013) with speciation rate
and extinction rate v, starting from a single lineage at time t in
the past. The tree T is now a random variable, denoted Ti, and
the number of species at the present (denoted N;) is also a ran-
dom variable and has a (modified) geometric distribution with ex-
pected value E[N;] = e V) We will suppose that 4 > v since
otherwise the tree T; is guaranteed to die out as t grows. Let z;" be
the probability that a gene g that is present at start of the stem
edge of T; is present in exactly one leaf of T;. The following result
precisely describes the maximum value that ;" can take as i (the
rate of gene loss) varies over all possible positive values. The short
proof is provided in the Appendix.
Proposition 2.

1 1
max " = = . (4)

P (1+at)? (1+ mﬂljt])?

Notice that although max,#;” — 0 for Yule trees as they grow in
their expected size, the convergence is quite slow as a function of
the expected number of leaves of the tree, due to the presence of
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the logarithmic function on the right of Equation (4). Also, if there
are G > 1 genes present at time 0, then the expected number of
genes that will be present in just leaf of T; is G - =;f. However, in
contrast to Proposition 1(iii), the number of genes present in just
one leaf of T; is no longer binomially distributed, since this num-
ber is now a compound random variable because it is dependent
on the random variable T:.

To illustrate Proposition 2, consider (pure-birth) Yule trees (i.e.
v = 0) with an expected number of 150 leaves. Then max, = ~
0.028, and so for 10000 independent genes and this optimal rate
of gene loss, the expected number of genes that would be last-
one-out (i.e. present in just one leaf of these Yule trees) would be
around 280. This provides some insight into the results described
in the next section.

Application to real genome data

To test this algorithm on real genome data we chose the example
of genes in eukaryotic genomes that have homologs in prokary-
otes but that are present in only one or a few eukaryotic lineages.
Such patterns are taken as evidence for the workings of differen-
tial loss, under the assumption that loss will generate such pat-
terns (Ku et al. 2015), or as evidence for the workings of LGT (Cote-
L'Heureux et al. 2022) under the assumption that LGT rather than
loss generates such patterns. The calculation of the probability of
a gene being present at the root node and remaining in exactly
one leaf of a eukaryotic tree requires a rooted species tree and a
gene loss rate . Reconstructing a eukaryotic species tree is chal-
lenging, and there is currently no consensus on the position of the
root (Keeling and Burki 2019, Burki et al. 2020). Although the loss
rates can be adjusted and averaged across a range of values, the
backbone trees with all their nodes, branches and branch lengths
are not that easily adjustable.

We started by investigating a set of ten eukaryotic gene trees
with 150 leaves each. These gene trees need not be representative
of the true phylogeny of eukaryotes, nor need they show a pat-
tern of gene distribution that could be indicated as LGT. They are
just used to test the algorithm, whereby the different trees were
selected merely to show that different phylogenies can have an
influence on the calculated probability of a gene being present
at the root node and remaining only in one leaf of a eukaryotic
tree. Furthermore, the different gene trees with 150 leaves provide
an opportunity to estimate the overall probability of observing a
last-one-out pattern if we consider thousands of eukaryotic genes
with prokaryotic homologs (Fig. 3). In Fig. 3, we assume that 10 000
genes were present in the last common ancestor of 150 eukary-
otes. For those trees, the mean probabilities across a range of dif-
ferent loss rates j1, where 1 — e* ranges from O to 1, result in 232
(lowest mean) to 790 (highest mean) last-one-out cases that would
look like LGT but actually are the result of differential loss in a
loss-only mode of evolution for a 10000 gene ancestral genome.
Looking at the median, we would find 11 (lowest median) to 755
(highest median) cases, depending on the tree itself. Since loss
rates are not constant over time, we cannot assume that these
percentages resemble the “real” amount of those cases due to dif-
ferential loss. This first look into the data with our new tool does
show, however, that last-one-out cases are by no means so rare
that they can be excluded a priori. If the loss rate is ideal, meaning
that the maximum probability of last-one-out cases for the given
tree is achieved, we would see between 532 (lowest maximum)
and 2502 (highest maximum) out of the 10 000 genes resultingin a
last-one-out scenario, which is a substantial frequency. That is, in
a study of 10000 gene families present in the eukaryotic common
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Figure 3. Ten eukaryotic gene tree phylogenies with 150 leaves each and the corresponding probabilities for a last-one-out scenario against 1 — e™* (u
= gene loss rate). The trees show various possibilities of species trees without assuming that those trees represent a real eukaryotic backbone tree.
They show that the phylogeny itself has an influence on the probability of a last-one-out scenario, but that the overall probability is comparably high.

ancestor, one would expect to observe dozens, hundreds, or even
thousands of last-one-out patterns in trees sampling 150 genomes
obtained solely as the result of differential loss. Put another way,
we would expect to observe last-one- out distributions at a fre-
quency that is not far off from the number of genomes in the tree.
These cases would appear, in a gene phylogeny, as a single eu-
karyote (or group thereof) branching within prokaryotic homologs.
Such cases are observed with real data.

Three test cases

The surprisingly high probability to observe a gene that is present
in the root node and only in one species or clade and lost in all
other leaves of a tree offers a new approach to investigate data
that looks like evidence for LGT based on a rare or sparse gene dis-
tribution. Differential loss can—and will—produce last-one-out
patterns that look just like lineage specific LGT. It is therefore
possible, if not probable, that some reports suggesting evidence
for LGT are perhaps last-one-out cases attributable to differen-
tial loss. We asked whether we could identify such cases in real
data. In the following, we examine two studies that propose LGT
as the cause of last-one-out topologies. Our aim is not to challenge
these specific papers, but simply to see if the model proposed here
(requiring only a tree, gene loss, and a specific case of gene dis-
tribution) can account for the data directly, without recourse to
LGT. The aim of our study was to get an exact method to calcu-

late the probability of observing such an event under a loss-only
process.

One recent study is very helpful. Cote-L'Heureux et al. (2022)
looked for lineage-specific presence of prokaryotic genes in eu-
karyotes that would provide the strongest possible evidence, in
their view, for the workings of LGT from prokaryotes to eukary-
otes. They sampled 13600 gene families, 189 eukaryotic genomes
and 540 eukaryotic transcriptomes, looking for recent lineage-
specific LGT (topologies that we designate as last-one-out pat-
terns). Among the 13600 eukaryotic gene families sampled, they
found ~94 putative cases of LGT that represent a last-one-out pat-
tern, that is, a restricted single-tip distribution of a prokaryotic
gene in a eukaryotic genome or group, which they interpreted as
strong evidence for LGT. Our present findings (Fig. 3) indicate that
in Cote-L'Heureux et al. (2022) the number of cases identified in
their study (94) is very close to the lower bound of the expectations
for last-one-out topologies of similarly sized data sets, in which all
the last-one-out topologies can be accounted for by differential
loss alone, with no need to invoke LGT.

One clear prediction of lineage-specific LGT versus loss for last-
one-out cases is this: If lineage-specific acquisition is the mech-
anism behind the observed rare presence pattern for a eukary-
otic gene, then the acquisition would need to be evolutionarily
late (that is, a tip acquisition). That is, the prokaryotic donor and
the eukaryotic gene should share a higher degree of sequence
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similarity, on average, in comparison to genes that trace back to
the eukaryotic common ancestor. This is the reasoning behind
the analysis of Ku et al. (2015) and Ku and Martin (2016), who
looked for evidence of recent acquisitions of prokaryotic genes
in sequenced eukaryotic genomes. Ku et al. (2015) found that, in
eukaryotic genomes, rare genes that have prokaryotic homologs
were not more recently acquired (that is, they were not more
similar to prokaryotic homologs) than genes that trace back to
the eukaryotic common ancestor, suggesting that their rare oc-
currence is the result of differential loss rather than lineage-
specific acquisition (Ku et al. 2015, Ku and Martin 2016) (Fig. 4a
and b).

Cote-L'Heureux et al. (2022) employed the same test, making
the same kind of comparison that Ku et al. (2015) performed,
namely, they looked for cases in which the prokaryotic gene was
acquired recently by the eukaryotic lineage, using the criterion of
sequence similarity. What they found was the distribution shown
in Fig. 4(c), namely that the cases they suspected to be LGTs were
just as old, in terms of sequence divergence, as genes that were
acquired from the mitochondrion. In other words, there were no
obviously recent acquisitions, as all of the prokaryotic genes that
they interpreted as recent LGTs had the hallmark of ancient ac-
quisition, just as Ku et al. (2015) suggested. Cote-L'Heureux et al.
(2022) offered no explanation for the finding that genes they in-
terpreted as recent acquisitions via LGT were just as ancient, in
terms of sequence identity, as genes acquired from mitochondria
(Fig. 4c). One interpretation is that the genes in their LGT class
were not LGTs after all but were the result of differential loss in-
stead. Differential loss directly explains why such genes show just
as much sequence divergence to prokaryotic homologues (Ku et
al. 2015) (Fig. 4c) as genes present in the eukaryotic common an-
cestor. LGT models would need to invoke an ad hoc corollary as-
sumption of substitution rate acceleration for every gene with a
last-one-out pattern to account for the absence (Fig. 4c) of eukary-
otic LGTs having high (> 70%) sequence similarity to prokaryotic
homologs. Differential loss requires no rate acceleration corol-
lary. Furthermore, the model presented here closely predicts the
frequency of observing last-one-out patterns under a variety of
topologies and loss rates, which becomes increasingly relevant as
new data point to a gene rich mitochondrial ancestor (Leger and
Gawryluk 2024).

A second recent study provide an additional opportunity to
test the method. We investigated a dataset of 332 budding yeast
species published by Shen et al. (2018). They reported 365 distinct
events of horizontal gene transfer to yeast lineages. Of those, 230
appeared to be species-specific. Could those 230 cases also be the
result of differential loss, unsuspected “last-one-out” cases? We
analyzed the species tree provided in Shen et al. (2018) for “last-
one-out” probabilities. The authors reported that the last common
ancestor of budding yeasts was similar to an archaetypal member
of its sister subphylum Pezizomycetes with ~10000-13 000 genes.
We were therefore able to calculate the mean and median proba-
bilities for a “last-one-out” and therefore the expected number of
these events (Fig. 5). The mean probability across all possible loss
rates in the interval between 0 and 1 for 1 — e * is roughly 0.0287
and the median probability for this interval is 0.0229. If the last
common ancestor of budding yeasts had 10 000-13 000 genes, this
results in 287-373 genes being statistically the “last-one-out” for
the mean probabilities and 229-298 “last-one-out” cases for the
median probability. In comparison to the 230 analyzed cases that
are supposed to be the result of LGT according to Shen et al. (2018),
the statistical probabilities of observing these “last-one-out” cases
though differential loss (rather than LGT) is not unlikely at all, it is
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in agreement with the expectation, and our simple model is sur-
prisingly accurate.

As a third example, we examined a dataset where differential
loss rather than LGT was reported to be the cause of last-one-out
topologies. Ku et al. (2015) clustered 956053 protein sequences
from 55 eukaryotic genomes across six supergroups and com-
pared them to a total of 6 103 025 protein sequences from prokary-
otes across 1847 bacterial and 134 archaeal genomes. They found
a total of 2585 eukaryote—prokaryote clusters and 101 eukaryotic
singletons [Supplemental Table 9 in Ku et al. (2015)] with prokary-
otic homologs. The ancestral genome size of the last eukaryotic
common ancestor of this dataset comprises 2686 genes. The cal-
culation of last-one-out probabilities yielded a mean probability
of 0.0967 and a median probability of 0.1057 (Fig. 6). Since the an-
cestral genome size was 2686 genes for this dataset, one would
expect on average 260 last-one-out cases and 284 cases using the
median probability using our method; the 101 last-one-out cases
observed are fewer than expected. In this example, our simple
algorithm again works on real world data. Considering that this
algorithm is based on a loss-only model of evolution, the lower
number of observed cases compared to expected cases will likely
be the result of gene duplications, which play a significant role
in eukaryotic evolution (Scannel et al. 2006, Hittinger and Carrol
2007, van de Peer et al. 2009), within this eukaryotic data set.

The role of selection

How do gene duplications and selection figure into this issue?
Gene duplications, genome duplications, and recurrent duplica-
tions leading to gene family expansions lead to growth of gene
families during evolution. Members of such families can, and do,
undergo differential loss in different lineages. For a gene that was
present in the eukaryote common ancestor, and that underwent
loss across eukaryotic lineages in such a manner as to generate
a last-one-out topology, the question arises about the role of se-
lection in that process. Clearly, if the gene in question was essen-
tial during eukaryote evolution, selection would have maintained
its presence in all lineages. Losses indicate phases of evolution
in which the gene was required under some conditions for some
lineages, with relaxed or absent selective pressures in others, al-
lowing loss in some lineages but retention in others, possibly as a
result of persistent selection or the gene having acquired a novel
function. Such an example can be found in the evolution of Fe-Fe
hydrogenases, where the gene is present and functional among
green algal lineages, which often experience anaerobiosis (Happe
and Kaminski 2002). Yet, during the transition to life on land in an
atmosphere of 21% O, the gene lost its function in anaerobic en-
ergy metabolism, whereby a duplicate of the Fe-Fe hydrogenase
gene acquired a new function in O,-sensing in the land plant lin-
eage instead (Gould et al. 2019). Changing environments or devel-
opmental contexts can alter the selective pressures that act upon
gene retention, gene loss, or gain-of-function (Li et al. 2019).

Of course, it is also possible that selective pressures could, in
principle, lead to gene gain via LGT. What form of selection is
strong enough to cause LGT on time frames, where we can directly
observe the effects? The experiment has already been done, we
just need to tally the result—growth inhibitors. The best known,
and best studied, example of selection for LGT is the spread of an-
tibiotic resistance genes across bacteria in hospitals startingin the
1950s, which led to the discovery of both plasmids and LGT among
bacteria. A literature search returns, for example, over 97 000 pa-
pers on bacteriax and antibioticx and resistances with over 14 000
of those papers containing the search terms plasmidsx or transfer
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Figure 4. Similarity of eukaryotic last-one-out cases to prokaryotic homologs. (a) Phylogenetic distribution of genes, where the eukaryotic gene is
considered to be the result of LGT due to its high similarity to one prokaryotic homolog. (b) The eukaryotic gene does not have a substantially high
similarity to its prokaryotic homologs. It can therefore not be the result of recent LGT and is more likely the result of differential gene loss. (c)
Supplementary Figure 9 from Cote-L'Heureux et al. (2022) showing that genes assumed to be the result of LGT are at most 70% similar to their
prokaryotic homologs. This finding supports the “70% rule” of Ku and Martin (2016) and furthermore shows that these cases are more likely to be the
result of differential loss instead of LGT. EGT: endosymbiotic gene transfer (genes acquired from chloroplasts or mitochondria); LGT: lateral gene

transfer; and VGT: vertical gene transmission.

(The "«" within the literature search are wildcards that stand for
any amount of possible characters). Though a small sample, this
underscores a point well-known among all microbiologists: bac-
teria immediately respond to antibiotic selective pressure by ac-
quiring resistance genes via LGT. Antibiotic resistance represents
a clear case of gene gain bringing selective benefit, in bacteria. Is
the same true for eukaryotes, where reports for LGT have recently
been reviewed (Keeling 2024)?

The closest eukaryotic equivalent to antibiotics in hospitals
would be the use of fungicides in agriculture, which have been
in use for over a century (Russell 2005). Does the strong selective
pressure exerted by fungicides also lead to LGT among fungi, a
group for which reports of LGT have also been reviewed (Richards
and Talbot 2013)? A literature search returns over 13000 papers
on fungx and fungicid« and resistances, yet only 12 of those pa-
pers contained the search terms “horizontal gene transfx” or “lat-
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Figure 5. Probabilities of last-one-out cases across a spectrum of loss rates.
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Figure 6. Probabilities of last-one-out phylogenies across a spectrum of loss rates for a eukaryotic species tree of 55 genomes from Ku et al. (2015) with
forced monophyly for eukaryotic groups using a concatenated alignment of five genes universally present in those 55 genomes. For species that were
originally used in Ku et al. (2015) but do not have a representative in the RefSeq dataset, we chose alternative genomes that are taxonomically near the
original genomes. Alignments were generated using Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh et al. 2002), using the iterative
refinement method that assimilates local pairwise alignment information (L-INS-i). The tree was constructed with IQ-Tree (Nguyen et al. 2014), using
the best-fit model and forcing monophyly of eukaryotic groups described in Ku et al. (2015) and the tree was rooted with MAD (Tria et al. 2017).
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eral gene transfx"and only one of those 12 papers reported a case
of phylogenetic evidence for LGT among fungi for a putative (not
documented) resistance gene against cyanate (Elmore et al. 2015).
The other 11 papers were mainly about fungicide-induced mobi-
lization of plasmids in bacteria. Fungicide resistance represents a
clear case where gene gain via LGT could bring (life-saving) bene-
fit against a lethal selective pressure, but LGT is not observed. The
relative frequency of LGT events conferring resistance to growth
inhibitors (14 000 reported cases for bacteria, one possible candi-
date case reported for fungi) suggests that bacteria and fungi re-
spond very differently to selection pressure generated by growth
inhibitors. How do fungi respond?

Of course, resistance to fungicides is widespread and well-
known in agriculture, as are resistance to insecticides and herbi-
cides. Yet, the many known cases of resistance against fungicides,
insecticides and herbicides do not entail LGT; instead, they involve
de novo point mutations in the target-site encoding genes (fungi-
cides), selection of polygenic metabolic resistance from standing
variation (herbicides), and a combination of standing variation
and de novo mutations in the target site or major metabolic resis-
tance genes (insecticides) (Hawkins et al. 2019). That is, humans
have already performed the experiment involving the application
of strong selection pressure to prokaryotes (antibiotics in hospi-
tals) and to eukaryotes (agricultural pests), and the resultis gener-
ally clear. Bacteria respond by LGT of preexisting resistance genes,
while eukaryotes respond by de novo point mutations and sex-
ual recombination of standing variation, at least in cases reported
so far. The present comparative example from the application of
strong selective pressure indicates that there is a fundamental dif-
ference between prokaryotes and eukaryotes with regard to their
tendency to acquire genes via LGT in response to strong (lethal)
selection. However, both prokaryotes and eukaryotes do undergo
gene loss at high rates.

As a caveat, strong selection for resistance is just one ecological
context. A literature search for the search terms “fungs” and “hor-
izontal gene transfx” or “lateral gene transfx” returns over 1000
papers on fungal LGT (though none for resistance against fungi-
cides), and we are by no means suggesting that those 1000 pa-
pers, usually founded in genome comparisons and gene phyloge-
nies, and many invoking trait selection, are in error, collectively
or otherwise. However, a recent study reexamined the strength
of phylogenetic claims for LGT among fungi and found that only
about 1.5% of trees that have been published as evidence for LGT
among ascomycetes (the group of fungi that includes yeast) with-
stand critical inspection (Aguirre-Carvajal et al. 2025). If one ac-
cepts phylogenetic evidence for LGT among eukaryotes, the lack
of abundant reports indicating eukaryotes to respond to strong
selective pressure with LGT of resistance genes, while prokary-
otes obviously do respond to selection with LGT, presents a puz-
zling observation. The ability of gene loss to generate last-one-out
topologies at surprisingly high frequencies, as we have demon-
strated here, might help to reconcile some discrepancies and con-
tribute to solving the puzzle.

Conclusion

Sparse gene distributions in eukaryotes are often interpreted as
evidence for gene acquisition via LGT from prokaryotes. However,
gene loss can generate the same patterns, but estimates for the
probability of observing a single gene at the tip of a phylogenetic
tree as the result of differential loss within a given clade, as op-
posed to LGT, have been lacking, because methods were not even
available. Here, we have derived the probability of observing such

cases, which we call last-one-out patterns, because under a loss-
only model, the last gene to be lost looks like an instance of LGT.
The probability depends on the size and shape of the tree, and the
loss rate p. We find that the probability of observing a last-one-out
topology can be (surprisingly) high.

This is not to say that there is no LGT to eukaryotes at all. But if
LGT to eukaryotes were as common as many reviews would have
us think, there have to be visible cumulative effects would have to
accrue. Thatis, if we find a “new” gene in a eukaryotic lineage, and
if we assume that LGT is going on all the time during evolution,
then eukaryotic genomes should become increasingly patchwork
over evolutionary time, which is exactly what we see in prokary-
otes: A typical bacterial or archaeal genome contains genes from
all sorts of different donors (Nagies et al. 2020), and in prokary-
otes, the accessory genome (that component of the genome that
is constantly in flux) typically comprises about 20%-30% of an av-
erage genome, and always has, ever since the first cells roamed the
ocean floor 4 billion years ago (Trost et al. 2024). In eukaryotes we
see cumulative effects for differential loss, for example in the case
of the microsporidian Encephalitozoon cuniculi (Katinka et al. 2001),
reduced parasitic fungi with a 2.9 Mb genome (smaller than Es-
cherichia coli) or nucleomorph genomes, eukaryotic genomes that
have shrunk to <700 kb in size (Gilson 2001). But in eukaryotes,
we do not see cumulative effects for LGT. How so? If eukaryotic
lineages acquired just one new gene from prokaryotes per million
years, on average, then after 1.5 billion years of eukaryote evo-
lution (Mills et al. 2022) separate eukaryotic supergroups would
each harbor roughly 1500 different prokaryotic genes each. If that
were the case, genomes would have told us so by now. But that is
not what we see. Eukaryotes have different subsets of the same
ancestral collection of genes (Miller et al. 2012, Ku et al. 2015,
Brueckner and Martin 2020). Reviews of eukaryote LGT (Martin
2017, Keeling 2024) tend to cover case studies of single eukary-
ote genes or single eukaryote genomes, that is, an odd gene here
or an odd genome there. Comparative studies involving many eu-
karyotic lineages are still rare. Now that we have a method to es-
timate the frequency of last-one-out topologies, we can compare
the expectation for observing such “LGT-like” topologies as a result
of differential loss. The cases we tested here are fully consistent
with the expectations for differential loss, alleviating the need to
assume LGT involving curious mechanisms, such as gene transfer
via meteorites as vectors (Bergthorsson et al. 2003) as one promi-
nent study suggested.

A simple algorithm applied to simulated eukaryotic trees pro-
vides estimates for the frequency of last-one-out patterns result-
ing from a loss only model that are slightly higher than, but gener-
ally in good agreement with, observations from a recent study in
which all last-one-out topologies were interpreted as evidence for
LGT. Gene loss is a prevalent process in eukaryotic genome evolu-
tion. If one lineage can lose a given gene, others can as well. Gene
loss can, and does, generate patterns that look just like LGT. Even
for large data sets, the probability of last-one-out topologies can
be surprisingly large, because, depending upon the tree, the num-
ber of losses required to account for a last-one-out topology can
be small.
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